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Abstract 
The aim of this paper is to evaluate the effects of the dissolution time – time for the 
liquid to absorb the gas till the saturation state - on the behaviour of positive-
displacement vane pumps, in terms of pressure peaks within internal chambers and 
forces applied to the stator ring. The chamber pressurization depends on the volume 
variation and fluid Bulk modulus in the pre-compression phase during which the volume 
is trapped between the suction and the delivery port rims. If the dissolution time is 
short, then the entrained air is quickly absorbed and the fluid Bulk modulus sharply 
increases just before opening the connection to the outlet; as a consequence, pressure 
peaks may appear thus degrading the NVH characteristics of the pump. Moreover the 
pressure within internal chambers generate i) a torque demand to the driver (the 
combustion engine or an electrical motor) and ii) a total force applied to the stator ring. 
In case of fixed displacement designs, the resultant pressure force simply represents a 
load for support bearings; while in case of variable designs, it contributes to the 
displacement regulation. Simulation results show that the pump behaviour is very 
sensitive to the dissolution time when it is quite close to the duration of the trapped 
period. 
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1. Introduction 
A hydraulic fluid always includes some gas (mostly air) which is either dissolved or 
entrained (or undissolved). Depending on the system’s evolution, air changes from one 
form to the other one. Indeed if the pressure level increases in the hydraulic circuit, the 
dissolution phenomenon occurs and gas bubbles - previously existing in equilibrium 
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with the saturated liquid - tend to collapse and to dissolve in the liquid. Conversely if 
the pressure decreases, the aeration phenomenon occurs thus gas bubbles tends to 
be released from the liquid and to grow. 
It is well established in /1/ and /2/ that only the entrained air within the liquid modifies 
the fluid properties. Figure 1 shows the effect of entrained air on the bulk modulus for 
an hydraulic oil considering different constant total gas mass fractions. 
Henry’s law gives the amount of air which is dissolved in the liquid as a function of the 
pressure; however it assumes that aeration and dissolution are instantaneous 
phenomena. This implicitly means that the amount of dissolved air is always in 
equilibrium within the liquid. 
If the pressure dynamics within the hydraulic system is slow enough with respect to 
aeration and dissolution dynamics, Henry’s law can be reasonably applied. However, 
for fast-acting systems - such as hydraulic pumps or motors - the high pressure rate 
does not let enough time to the air for reaching its corresponding equilibrium value. 
Then the amount of entrained air is not solely barotropic anymore but also dependent 
on time, with a significant impact on the system’s behaviour. 
 
Figure 1: isothermal fluid bulk modulus as a function of pressure and entrained air. 
Zhou et al. /3/ have shown the impact of the aeration and dissolution dynamics on the 
fluid properties during the compression and decompression of a volume. 
In the LMS Imagine.Lab Amesim 1D simulation platform, three options are available in 
the thermal-hydraulics libraries to represent the aeration and dissolution phenomena: 
1. The option “constant gas content” assumes a constant total amount of gas in 
the hydraulic circuit. Henry’s law is then applied to evaluate the undissolved gas 
quantity only depending on the pressure level, thus assuming that aeration and 
dissolution are instantaneous phenomena. 
362 10th International Fluid Power Conference | Dresden 2016
2. The option “gas transport” allows having variable amounts of gas within the 
hydraulic circuit. Once again Henry’s law is applied to compute the undissolved 
gas amount, because aeration and dissolution are still instantaneous. 
3. The most complex option “gas transport with dynamics” allows having variable 
amounts of gas and dynamics for air release and dissolution. The complex 
processes of bubbles formation, growth and collapse are simplified by a first 
order response characterized by the time constant. Until now the experimental 
evidence has shown that dynamics involved in air release and dissolution differ 
by several orders of magnitude, aeration being much faster. 
The first two options are well adapted for slow-acting systems whereas the last option 
should be selected in case of fast pressure evolutions in a system. 
2. Fluid model: aeration and dissolution options 
In this section, the aeration and dissolution models available in the LMS Imagine.Lab 
Amesim simulation platform are described. 
The mass fraction of a quantity is defined as the ratio of the mass of this quantity over 
the total mass:  
 (1) 
2.1. Constant gas content 
The total amount of gas is constant for the complete system. The undissolved gas 
mass is at equilibrium conditions with the liquid and computed with Henry’s law 
depending on the pressure level. 
2.2. Gas transport 
Contrary to the “constant gas content” option, in this case the gas content within the 
hydraulic circuit is variable. Within a hydraulic volume, the total gas mass fraction  
(dissolved and entrained) is obtained from its mass balance in the volume: 
 (2) 
The undissolved gas mass fraction is determined by Henry’s law. 
This option is suitable to represent the transport of gas mass fractions along the circuit 
due to variable inputs or heterogeneous initial conditions.  
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Figure 2 considers an academic example with three volumes in series initially filled 
with pure liquid (no gas) and connected to a source of aerated fluid at constant 
pressure, temperature and total gas mass fraction. 
Once the orifice opens, the fluid starts flowing in each volume and consequently the 
amount of total gas gradually increases in all volumes even though the farthest 
capacity from the inlet presents a lower slope. 
 
Figure 2: LMS Amesim sketch for the transport of gas fractions from left to right. 
2.3. Gas transport with dynamics 
With this option, the total and undissolved amounts of gas are independent variables 
and hydraulic volumes can have undissolved gas fractions not in equilibrium 
conditions. 
The evolution of the total gas mass fraction is given by equation (2); while the 
undissolved gas mass fraction is computed with its mass conservation equation 
associated with a first order lag for the dynamics of aeration or dissolution: 
 (3) 
The time constant  can be different for dissolution and aeration: 
 if the current undissolved fraction is greater than the equilibrium value given by 
Henry’s law (  ), the gas progressively dissolves within the liquid to 
reach the equilibrium state. 
 on the contrary, if the current undissolved fraction is lower than the equilibrium 
value ( ), the gas is released in the liquid in form of bubbles. 
For most gases and liquids, aeration is a much faster phenomenon than dissolution 
and consequently the time constant for dissolution is much greater than for aeration. 
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Figure 3 shows the LMS Amesim model for a piston acting on a closed volume, 
including some information on the geometry, fluid and test conditions and with some 
post-processing blocks (in grey) to get the full fluid composition (pure liquid, dissolved 
and entrained air). The LMS Amesim thermal-hydraulic libraries allow representing 
different thermodynamic evolutions within the circuit: 1) full energy balance 
corresponds to solving the energy conservation for the temperature computation in 
each volume, 2) isentropic implies the computation of temperature from pressure and 
fluid properties and finally 3) isothermal represents the simplest case of constant 
temperature along the simulation. For simplification purposes, in the following 
paragraphs an isothermal simulation is considered without impact on further 
conclusions. Hereafter the simulation results refer to a compression and 
decompression step applied to a chamber with the following initial conditions: pressure 
1 barA, temperature 20 °C, total gas fraction xg 404 mg/kg. The saturation pressure to 
completely dissolve the above air amount into the liquid can be obtained from Henry’s 
law and the Bunsen coefficient, in the specific case it is about 3 barA. Figure 4 also 
depicts the undissolved gas fraction, comparing the instantaneous value (in blue) 
considering aeration and dissolution dynamics with the equilibrium conditions (in red), 
where the time constants are set to 1 ms for aeration and 0.1 s for dissolution. 
 
Figure 3: LMS Amesim model for compression / decompression step in a closed 
volume. 
In the coming paragraphs, the aeration time constant is always set to 1 ms in the fluid 
properties model. 
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3. Compression and decompression cycle in a closed volume 
This paragraph deals more in details with the compression and decompression cycle 
applied to a closed volume, as shown in Figure 3, highlighting the effect of air release 
and dissolution dynamics on the pressure evolution. 
In case of a closed variable volume (such as an internal chamber of volumetric pumps 
during the pre-compression phase), the pressure evolution is derived from the fluid 
mass conservation equation hereafter: 
 (4) 
Notice that the pressure evolution is dependent on both the volume variation and the 
amount of undissolved gas in the volume. 
The simulation model is the same as Figure 3, except for the piston displacement 
which is now a linear compression and decompression as reported in Figure 4. 
 
Figure 4: linear compression and decompression cycle 
Batch simulations have been run using the same initial conditions for the fluid within the 
volume (1 barA, 20 °C and xg 404 mg/kg), while changing the dissolution time from 
negligible values (1e-5 s) up to 1 s (corresponding to the duration of the cycle). 
Figure 5 depicts the evolution of the gas mass entrained in the liquid during the 
compression and decompression cycle depending on the dissolution time: longer 
dissolution times lead to higher amounts of gas still remaining in the liquid in form of 
bubbles during the compression phase and also at the beginning of the 
decompression. Figure 6 shows that the dissolution and aeration phases correspond 
to the piston compression (from 0 to 0.5 s) and extension (from 0.5 to 1 s) only if 
aeration and dissolution time constants are tiny. Indeed dissolution and aeration occur 
when the current undissolved gas amount is respectively higher and lower than the 
equilibrium value from Henry’s law; with longer dynamics the dissolution also extends 
to the piston’s decompression period. 
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Considering the same piston position, shorter dynamics imply a smaller mass and 
volume occupied by the entrained air and consequently a bigger volume filled by the 
liquid embedding some dissolved air. The consequence is that the pressurization level 
is lower with shorter dynamics, as explained and shown in Figures 7 and 8. 
Figure 8 also highlights that hysteresis cycles appear on variables such as pressure, 
undissolved gas amounts and others due to different dynamics considered for aeration 
and dissolution. 
 
Figure 5: undissolved gas mass fractions with different dissolution times 
 
Figure 6: dissolution and aeration periods 
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Figure 7: reduced liquid volume and higher pressure levels                                       
with longer dissolution times 
 
Figure 8: chamber pressures function of the piston stroke 
4. Effects of air release and dissolution dynamics on vane pumps 
After having introduced the theory on the transport of gas fractions within liquids and 
simple examples showing the effects of air release and dissolution dynamics, this 
paragraph considers a hydraulic vane pump as application example. Figure 9 shows 
the LMS Amesim 3D animation of a variable displacement pump, having a stator ring 
reducing the displacement with a translation along the line connecting the rotor and 
stator centers. The stator ring equilibrium depends on external forces (delivery and 
regukated pressure acting on opposite surfaces, spring force) and internal forces in 
particular pressure forces within internal chambers (five pressure forces, in this case). 
The control valve reduces the pressure in the left chamber (spring side) to an 
intermediate value between the delivery and the tank level in order to regulate the 
pump displacement keeping an almost constant pressure at the pump delivery (about 
12 bar). 
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Figure 9: 3D animation of a variable displacement vane pump 
The corresponding LMS Amesim model is reported in Figure 10; it includes specific 
submodels as described in /4/ and /5/ for the analytical computation of 1) volume and 
volume variations and 2) flow areas connecting each chamber to the suction or delivery 
rims on the ports’ plate; moreover some blocks (grey color) are introduced to access to 
the full fluid composition in a representative chamber. 
Figure 11 reports simulation results fixing 1) the stator eccentricity at 3 mm 
corresponding to the maximum pump displacement, 2) the angular speed at 1500 rpm 
and 3) the temperature at 50 °C; while different dissolution times are considered to 
investigate the effects on the pump behaviour. As expected, longer dissolution times 
lead to higher entrained air levels within the chambers, in particular when the volume is 
isolated from both the suction and delivery (trapped volume). During a time-period of 
about 1 ms, the trapped volume slightly decreases (pre-compression before connecting 
to the delivery) and consequently the pressure starts raising depending on the fluid 
Bulk modulus. High levels of entrained air correspond to lower fluid Bulk modulus and 
consequently to a slower chamber pressurization. Quite high pressure peaks appear in 
case of low aeration levels with fast dissolution dynamics. The above pressure peaks 
determine the NVH characteristics of the pump, and they also affect the equilibrium of 
the stator ring (in case of free motion) and consequently the delivery flow due to 
eccentricity variations. 
The pressure peak and the mean internal pressure force acting on the stator ring are 
plotted in Figure 12 as a function of the dissolution time.  
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Figure 10: LMS Amesim model of a variable displacement pump 
 
Figure 11: simulation results – chamber volume and opening areas, entrained air, 
pressure and Bulk modulus vs dissolution time (maximum displacement) 
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Figure 12: pressure peaks and mean pressure force function of dissolution time 
The behaviour presents two saturations corresponding to tiny or conversely long 
dissolution times, while the sensitivity to the dissolution time is significant only within a 
certain range between 1 ms and 0.1 s. Mainly, the dissolution time strongly affects 
pressure peaks when it is not too far from the “characteristic time” of the system (1 ms 
for the above vane pump at 1500 rpm).  
5. Conclusions 
This paper has presented new fluid properties models available in the LMS Amesim 
commercial tool to represent variable gas amounts in hydraulic circuits, with the 
possibility to take air release and dissolution dynamics into account by first order lags. 
The fluid model used to analyse the compression and decompression cycle of a closed 
volume has highlighted a strong impact of the absorption rate on the chamber 
pressurization due to air quantities entrained in the liquid affecting the main fluid 
properties. Furthermore, aeration and absorption processes typically occur with very 
different dynamics; consequently hysteresis cycles are visible on main variables such 
as entrained air, Bulk modulus, pressure and others. The same fluid model used for 
high dynamics systems, such as positive displacement vane pumps, allowed to 
recognize high pressure peaks within internal hydraulic chambers in case of low 
aeration levels and fast dissolution dynamics with respect to the period during which 
the volume is trapped (pre-compression). The above pressure peaks determine the 
NVH characteristics of the pump; moreover they represent a force contribution to the 
equilibrium of the stator ring in case of vane pumps, or swash plate in case of a piston 
pump. The consequence of unexpected forces acting on the stator ring is a possible 
risk of wrong displacement regulation. 
As a consequence, experiments to determine typical dissolution times have a great 
importance to obtain reliable simulation models for pump’s design optimization with 
respect to the requirements in terms of NVH performances and flow regulation. 
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7. Nomenclature 
 Isothermal fluid bulk modulus bar 
 Mass flow rate kg/s 
 Total gas mass flow rate kg/s 
 Undissolved gas mass flow rate kg/s 
 pressure barA 
 Volume  m3 
 Total gas mass fraction g/g 
 Undissolved gas mass fraction g/g 
 Equilibrium undissolved gas mass fraction g/g 
 Fluid density  kg/m3 
 Aeration/dissolution time constant S 
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